






$EVWUDFW :H GHYHORSHG D WHFKQLTXH WR UHGXFH JDLQ
YDULDWLRQVRYHUDZLGH IUHTXHQF\UDQJH IRUDQXOWUD
EURDGEDQG WUDYHOOLQJ ZDYH DPSOLILHU 7:$ WKDW
HPSOR\V D FDVFRGH FRQILJXUDWLRQ XVLQJ P JDWH
,Q*D3,Q*D$V +(07V 8VLQJ WKLV WHFKQLTXH ZH
DFKLHYHGJDLQYDULDWLRQVZLWKLQG%IRUIUHTXHQFLHV
XS WR  *+] ZLWK D G% JDLQ 7KH DJUHHPHQW RI
PHDVXUHG 6SDUDPHWHUV ZLWK VLPXODWHG UHVXOWV






FDSDEOH RI PDVVLYH GDWD WUDQVPLVVLRQ KDV EHHQ UDSLGO\
LQFUHDVLQJ
 $ WUDYHOOLQJ ZDYH DPSOLILHU 7:$ LV RQH RI WKH NH\
FRPSRQHQWV LQ KLJKVSHHG ILEHU RSWLF FRPPXQLFDWLRQV
DQG 7:$ KDV SRWHQWLDO IRU WKH VXEV\VWHPV 6HYHUDO
WHFKQLTXHV WR HQKDQFH WKH SHUIRUPDQFH RI 7:$ KDYH
EHHQSURSRVHGDQGWKH\H[KLELWHGDFDSDELOLW\IRUGULYLQJ
VLJQDOIUHTXHQF\IURPQHDUWKH0+]WRRYHU*+]>@
+RZHYHU WKH WHFKQLTXHV KDYH UHODWLYHO\ ODUJH JDLQ
YDULDWLRQV HVSHFLDOO\ DW KLJK IUHTXHQFLHV 7R DFKLHYH
KLJKTXDOLW\GDWD WUDQVPLVVLRQV IXUWKHU LPSURYHPHQWV WR
7:$DUHQHFHVVDU\LQRUGHUWRUHGXFHWKHLUJDLQYDULDWLRQV
RYHU D ZLGH IUHTXHQF\ UDQJH DV ZHOO DV WR DFKLHYH WKH
EURDGEDQGFKDUDFWHULVWLFV7KHSXUSRVHRIWKLVSDSHULVWR
SUHVHQW D WHFKQLTXH WKDW UHGXFHV JDLQ YDULDWLRQV ZLWK
PDLQWDLQLQJ WKH FLUFXLW VWDELOLW\ LQ 7:$ 8VLQJ WKLV
WHFKQLTXHZHREWDLQHGJDLQYDULDWLRQVRIOHVVWKDQG%
IRU IUHTXHQFLHV XS WR *+]ZLWK D G% JDLQ IURP D
7:$ XVLQJ P JDWH ,Q*D3,Q*D$V +(07V 7KH




 7R REWDLQ EURDGEDQG FKDUDFWHULVWLFV IRU 7:$ ZH
HPSOR\HG D FDVFRGH WRSRORJ\ >@ )LJXUH  VKRZV D




 $FFRUGLQJ WR %H\HU HW DO >@ WKH PDJQLWXGH RI WKH


















































DQG RXWSXW WUDQVPLVVLRQ OLQHV UHVSHFWLYHO\ Q LV WKH
QXPEHU RI XQLW FHOOV LQ WKH DPSOLILHU$J DQG$G DUH WKH
DWWHQXDWLRQ IDFWRUV RQ WKH LQSXW DQG RXWSXW WUDQVPLVVLRQ
OLQHVUHVSHFWLYHO\


















































































 )UHTXHQF\ UHVSRQVH RI WKH $J GHSHQGV RQ SDUDPHWHUV
"7:$DQG&JVRI&6)$VIRU$GWKHGRPLQDQWSDUDPHWHUV
DUH"VG "FJ DQG &JDWH ,Q DGGLWLRQ WKHVH SDUDPHWHUV DOVR
GHWHUPLQHWKHVWDEOHFRQGLWLRQVRI7:$:KHQ$J$G LV
ODUJH QHJDWLYH JDLQ GHVFULEHG LQ IRUPXOD  ZRXOG




7KHUHIRUH ZH IRFXVHG RQ KRZ WR GHWHUPLQH WKH
SDUDPHWHUV"VG"FJDQG&JDWHRIWKH7:$
 &JDWHDQG"FJFRPSRVHDUHVRQDQWFLUFXLW6LQFHLPSHGDQFH
ORRNLQJ LQWR WKH &6) DW VRXUFH WHUPLQDO RI WKH&*) DV
VKRZQ LQ )LJXUH  LV DOZD\V FDSDFLWLYH&RXW WKH &*)
LQFOXGLQJWKHUHVRQDQWFLUFXLWFRPSRVHVSRVLWLYHIHHGEDFN






 )LJXUH  VKRZV SORWV RI $J DQG $G DV D IXQFWLRQ RI
IUHTXHQF\ZLWKYDULRXV"VGYDOXHV+HUH$JGRHVQ©WFKDQJH
LWV SURILOH E\ "VG EHFDXVH WKH 0LOOHU FDSDFLWDQFH RI
FDVFRGH+(07LVYHU\VPDOO2QWKHRWKHUKDQG WKH$G
GHSHQGV RQ WKH "VG YDOXH :H SDLG DWWHQWLRQ WR WKH
IUHTXHQF\ I[ ZKHUH $G$J  ,I WKH I[ LV KLJK JDLQ
YDULDWLRQVDUHVPDOOIRUDZLGHIUHTXHQF\UDQJH
)RU D ODUJH "VG $G GUDVWLFDOO\ LQFUHDVHV DW UHODWLYH ORZ
IUHTXHQF\7KHQWKHI[LVORZ)RUVPDOO"VGKRZHYHUWKH
$GGLYHUJHVLQWRDODUJHQHJDWLYHYDOXHDQGWKH$J$G LV
DOVR QHJDWLYH 7KLV ZLOO FDXVH XQVWDEOH RSHUDWLRQ
&RQVHTXHQWO\ ODUJH YDULDWLRQV DUH \LHOGHG LQ WKH JDLQ
SURILOHDWKLJKIUHTXHQF\7KHRSWLPXPFRQGLWLRQIRU"VG
REWDLQLQJ WKH JDLQIODWQHVV DQG VWDEOH RSHUDWLRQ LQ WKH
7:$ LV WKDW$J$G LV VPDOO YDOXH RYHUZLGH IUHTXHQF\
UDQJH DQG D IUHTXHQF\ I[ LV VHW WR KLJKHU UHJLRQ :H






























WKH JDLQIODWQHVV GHWHULRUDWH EHFDXVH RI LQFUHDVLQJ DQ
DEVROXWH YDOXH RI  JG $$QH +−  LQ IRUPXOD  ,I ZH
PDLQWDLQ$J$GDVVPDOODVSRVVLEOHZHFRXOGUHGXFHWKH
DIIHFWLRQE\WKHQXPEHURIXQLWFHOOV7KHUHIRUHZHFKRVH
WKHPLQLPXPQXPEHURIXQLW FHOOV WKDW FRXOGREWDLQ WKH
PD[LPXP*%:3YDOXH)LJXUHVKRZVVLPXODWHGUHVXOWV
RIWRWDOJDLQDQG*%:3RIWKH7:$DVDIXQFWLRQRIWKH
QXPEHU RI XQLW FHOOV 7KH JDLQ DQG *%:3 DUH
PRQRWRQLFDOO\LQFUHDVHGXSWRILYHFHOOVZKLOHWKH*%:3
QR ORQJHU LQFUHDVH EH\RQG ILYH FHOOV )URP WKH SRLQW RI





 7KH P ,Q*D3,Q*D$V +(07 >@ LQ RXU 7:$


















0+] WR *+]XVLQJ D YHFWRU QHWZRUN DQDO\]HU+3
;) 5)SUREHV ZHUH FDOLEUDWHG XVLQJ WKH /550
PDHWKRG)LJXUHVKRZVWKHPHDVXUHGDQGVLPXODWHG6
SDUDPHWHUV7KHUHVXOWLQJFXUYHVVKRZDJRRGDJUHHPHQW
EHWZHHQ WKHRU\ DQG PHDVXUHPHQW 7KH DPSOLILHU KDV D
JDLQRIG%ZLWKDG%EDQGZLGWKRI*+]$JDLQ
YDULDWLRQZLWKLQG%ZDVDFKLHYHG7KXVWKHWHFKQLTXH
WKDW ZH XVHG LV VKRZQ WR EH HIIHFWLYH DW UHGXFLQJ JDLQ
YDULDWLRQVIRUIUHTXHQFLHVXSWR*+]
 :HDOVRPHDVXUHG3LQ3RXWFKDUDFWHULVWLFVDVVKRZQLQ
)LJXUH  7KH RXWSXW SRZHU LV DERXW  G%P DW
IUHTXHQFLHVRI*+]DQG*+],QDGGLWLRQPHDVXUHG
3G%ZDVG%P

































6, *D$V VXEVWUDWH 
























 7KH DXWKRUV ZRXOG OLNH WR WKDQN 0 7DNLNDZD +
2KQLVKLDQG+6KLJHPDWVXIRUWKHLUXVHIXOVXJJHVWLRQV
9,,5()(5(1&(6
>@ 6 .LPXUD < ,PDL < 8PHGD 7 (QRNL ¦/RVV




DQG * . +RKHQZDUWHU  ¦0(6)(7 'LVWULEXWHG
$PSOLILHU 'HVLJQ *XLGHOLQHV§ ,((( 7UDQV 0LFURZDYH
7KHRU\7HFKYROSS0DU
>@-%%H\HU613UDVDG-(1RUGPDQ5&%HFNHU
DQG * . +RKHQZDUWHU ¦:LGHEDQG PRQROLWKLF
PLFURZDYHDPSOLILHUVWXG\§2155HS156HSW

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